Introduction
T issue-engineered skeletal muscle is used in a variety of research fields, including regenerative medicine, drug screening, and bioactuator development. In regenerative medicine, they are employed in the treatment of traumatic injury, tumor ablation, and muscular dystrophy. 1 Natural skeletal muscle tissue is composed of striated myotubes arranged in parallel alignment. A connective tissue covering, predominantly composed of collagen, tethers adjacent myotubes to form individual muscle fibers. In addition to muscle fibers, satellite cells located beneath the basal lamina, at the periphery of muscle fibers, are believed to play an important role in the repair and replacement of damaged skeletal muscle cells. 2 Thus, it has been proposed that satellite cells are key to the successful engineering of skeletal muscle tissue. 3 In drug screening, tissue-engineered skeletal muscle is very useful tool for evaluating the toxicity and efficacy of drugs and the development of new drug targets. In vitro experiments using cell culture systems are an extremely useful approach that can be used in place of animal models, thereby limiting the number of animals used. Myoblast cell lines derived from satellite cells, including mouse C2C12 cells, have been applied as an excellent model for the construction of skeletal muscle, as they proliferate indefinitely in the mitotic phase and can be differentiated into multinucleated myotubes. 4 The use of established cell lines has numerous benefits in drug screening and evaluation. They provide repeatable and reproducible systems for the development and testing of new and existing drugs, without the major ethical concerns involved with animal studies, and provide model systems for the analysis of gene modifications on promoting improved cell functions.
In recent years, skeletal muscle tissues have attracted much attention as bioactuators. Herr and Dennis designed a swimming robot using frog semitendinosus muscle and proposed a muscle-powered actuator. 5 Morishima et al. demonstrated a biomicroactuator using cultured rat primary neonatal cardiomyocytes to drive polymer micropillars. 6 Further, a bioactuator powered by insect dorsal vessel tissue, which was capable of performing for extended periods of time at room temperature without maintenance, has also 1 been demonstrated. 7 Through the exploitation of cell micropattering techniques, Feinberg et al. fabricated muscle thin films using polydimethylsiloxane and cardiomyocytes for the construction of actuators and power devices. 8 Tanaka et al. created an on-chip cellular micropump, using cardiomyocyte sheets as a prototype of applicative biomicroactuators. 9 The fabrication of tissue-engineered skeletal muscles that are capable of imitating natural skeletal muscle is believed to be crucial for the development of numerous therapies with a variety of applications. As muscle differentiation has been shown to be promoted in the presence of extracellular matrix (ECM) proteins such as collagen and laminin, collagen, 3, 10 and/or Matrigel 11 have been used in the fabrication of artificial muscle tissue constructs. Although collagen has been used as a cell scaffold, to define the size and shape of construct, hard matrix constructs may interfere with the force generation of myotubes. Dennis et al. have succeeded in fabricating a scaffold-free skeletal muscle tissue, which they designated myooid, by the self-dissociation of a monolayer myoblast cell sheet from the culture surface, which is subsequently followed by self-organization. 12 However, scaffold-free tissue-engineered skeletal muscle constructs should be fixed to tendon-like anchors to prevent shrinking and induce orientation within the tissue during myogenic differentiation in vitro. Laminin-coated silk-suture anchors were used as an artificial tendon for the myooids. 12 In contrast, we previously developed a tissue engineering technique designated magnetic force-based tissue engineering (Mag-TE), in which cells labeled with functionalized magnetic nanoparticles were used to fabricate tissue constructs by applying a magnetic force. 13, 14 Further, we have applied this technique for the fabrication of artificial skeletal muscle tissue. 15, 16 C2C12 cells, magnetically labeled with magnetite cationic liposomes (MCLs), were added into the well of a culture dish containing a polycarbonate cylinder fixed to the center of the well. The cells were forced to accumulate onto an ultralow attachment surface using a magnet. During the cultivation, the cell layer compressed toward the cylinder, resulting in the formation of a ring-shaped tissue construct, possessing a high cell-dense population with an oriented multilayered structure. 15 The functional comparison of artificial skeletal muscle tissue constructs to natural skeletal muscle is extremely important for the practical application of the artificial tissue. However, very few systematic and quantitative evaluations have attempted to characterize the biochemical and contractile properties of tissue-engineered skeletal muscle. Thus, the main focus of the present study was to characterize the biochemical and contractile properties of artificial skeletal muscle tissue, fabricated by Mag-TE. Our results will provide useful information for skeletal muscle tissue engineering.
Materials and Methods

Cell culture
Mouse C2C12 myoblast cells were grown in Dulbecco's modified Eagle's medium, supplemented with 10% fetal bovine serum, 100 U/mL penicillin G potassium, and 0.1 mg/mL streptomycin sulfate. Cells were cultured at 378C in a 5% CO 2 incubator.
Preparation of MCLs
MCLs were prepared from colloidal magnetite and a lipid mixture consisting of N-(a-trimethylammonioacetyl)-didodecyl-D-glutamate chloride, dilauroylphosphatidylcholine, and dioleoylphosphatidyl-ethanolamine, in a molar ratio of 1:2:2, as previously described. 17 The magnetite particles (Fe 3 O 4 ; average particle size, 10 nm) were purchased from Toda Kogyo (Hiroshima, Japan). The magnetic characteristics at 796 kA/m (room temperature) were as follows: 2.0 kA/m coercivity; 63.9 Am 2 /kg saturation flux density; and 2.6 Am 2 /kg remanent flux density.
Fabrication of skeletal muscle tissue constructs by Mag-TE
To magnetically label the C2C12 cells, 7Â10 5 cells were seeded in 100-mm tissue culture dishes (Greiner Bio-One, Frickenhausen, Germany) containing 10 mL of the culture medium, in the presence of MCLs (net magnetite concentration, 100 pg/cell), and incubated for 8 h to allow for MCL uptake.
The artificial skeletal muscle tissue constructs were prepared as previously described, 15 with slight modifications. Briefly, a polycarbonate cylinder (diameter, 12 mm) was fixed at the center of the well of a 24-well ultralowattachment culture plate (culture area, 200 mm 2 /well; Corning, New York, NY). MCL-labeled C2C12 cells (1Â10 6 cells) were seeded into the gap between the well wall and the polycarbonate cylinder, and a cylindrical neodymium magnet (diameter, 30 mm; height, 15 mm; magnetic induction, 0.4 T) was placed under the well. Subsequently, the cells were cultured for 2 days to allow for the formation of a ringshaped cellular construct. After 2-day culture in the standard growth medium, 0.1 mL of an ECM solution, consisting of 0.04 mL of type I collagen (1.1 mg/mL; Nitta Gelatin, Osaka, Japan), 0.01 mL of the growth medium, and 0.05 mL of Matrigel (4.4 mg/mL; BD Biosciences, Franklin Lakes, NJ), was added to the well and the solution was subsequently replaced with the culture medium. After 4 h, the cellular ring was removed from the polycarbonate cylinder and hooked around two stainless-steel minutien pins (0.3 mm diameter; Shiga, Tokyo, Japan), fixed 8 mm apart from one another on a silicone rubber sheet in a 35-mm culture dish. To induce myogenic differentiation, the cellular rings were cultured in the differentiation medium consisting of Dulbecco's modified Eagle's medium supplemented with 0.4% Ultroser G (Pall, East Hills, NY), 100 U/mL penicillin G potassium, and 0.1 mg/mL streptomycin sulfate.
Histological study
Before histological evaluation, tissues were washed three times with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde (PFA) in PBS, and embedded in paraffin. Thin sections (4 mm) were prepared and stained with hematoxylin and eosin, and subsequently observed under a BZ-9000 microscope (Keyence, Tokyo, Japan). Before immunostaining, tissues were washed with PBS and fixed in 4% PFA for 15 min. They were then skinned in PBS containing 0.2% Triton-X 100 for 15 min, washed three times with PBS, and blocked in PBS containing 1% (w/v) bovine serum albumin for 30 min. The specimens were labeled with 108 YAMAMOTO ET AL.
a primary antibody against a-actinin (A-7811, monoclonal anti-a-actinin EA-53; Sigma-Aldrich, St. Louis, MO) for 45 min. Then, they were washed three times with PBS and immersed in PBS containing 1% bovine serum albumin, an Alexa488-conjugated secondary antibody, Alexa546-phalloidin, and 4 0 , 6-diamidino-2-phenylindole (DAPI) for 45 min. All fluorescent probes used in this study were purchased from Invitrogen (Carlsbad, CA). The specimens were washed three times with PBS and observed under a BZ-9000 fluorescence microscope (Keyence).
Measurement of total cell nuclei
Artificial tissue constructs were washed with PBS and the total number of nuclei was counted using NucleoCassetteÔ (Chemometec, Allerød, Denmark) and NucleoCounterÔ (Chemometec). Total protein concentration was determined by bicinchoninic acid assay.
Western blot analysis
Cellular proteins were extracted from the artificial tissues by a homogenization and freeze-thawing method. Protein samples (30 mg) were mixed with SDS-PAGE sample buffer containing 2-mercaptoethanol and boiled at 1008C for 5 min. Subsequently, the samples were electrophoresed on a 7.5% (for myosin heavy chain [MHC]) or 12% (for myogenin, tropomyosin, and GAPDH) acrylamide gel and the proteins were then transferred to a polyvinylidene-fluoride membrane (GE Healthcare, Buckinghamshire, United Kingdom). After blocking using 5% skimmed milk in Tris-buffered saline containing 0.05% Tween 20 at 48C overnight, the membrane was incubated with the primary antibody (antimyogenin [ab1835; Abcam, Cambridge, United Kingdom], anti-MHC [sc20641; Santa Cruz Biotechnology, Santa Cruz, CA], anti-tropomyosin [ab7785; Abcam], or anti-GAPDH [Cell Signaling Technology, Danvers, MA]) for 1 h. The specific antibodies were detected using horseradish peroxidaseconjugated secondary antibodies (Santa Cruz Biotechnology) and a chemiluminescence detection kit (ECL detection system; GE Healthcare).
Creatine kinase activity
The artificial tissue constructs were rinsed with PBS and homogenized in cell lysis buffer containing 1 M NaCl, 1 mM EDTA, 1% Triton X-100, and 10 mM Tris-HCl (pH 7.2). 18 The lysates were stored at À808C until use. Creatine kinase activity of the samples was determined with a commercial assay kit (Wako Pure Chemical Industries, Tokyo, Japan).
Tension measurement
Carbon electrodes were placed 18 mm apart at opposite sides of a tissue culture plate. An artificial tissue ring was hooked around two stainless-steel minutien pins (0.3 mm diameter; Shiga). One pin was attached to a force transducer (AE-801; SonorOne, Sausalito, CA) and the other was fixed to the silicon rubber sheet placed on the bottom of the culture plate. During testing, the medium was maintained at 308C-328C, using a heated aluminum platform (HI-1000; AsOne, Osaka, Japan). Electric pulses were controlled by a personal computer with specially designed LabView software (National Instruments, Austin, TX), and the applied electric pulse and measured force were recorded using the same computer. When measuring twitch contraction, the tissue sample was stimulated with an electric pulse of 15 V, with a width of 10 ms, whereas when measuring tetanic contraction, the tissue sample was stimulated with electric pulse with the following properties: voltage, 15 V; width, 10 ms; frequency, 50 Hz; duration, 2 s. Tissue sample excitability was measured by first applying a 10-ms single stimulus pulse while adjusting the stimulus intensity to achieve a force of 50% peak twitch force (Pt). The resulting voltage required to elicit a 50% Pt was defined as rheobase. 12 The stimulus intensity was then fixed to twofold of the rheobase value and the stimulus duration was adjusted until twitch forces of 50% Pt were reached once again. The resulting stimulus duration was defined as chronaxie. 12 Frequency properties of the tissue sample were evaluated by applying electric pulses (voltage, 15 V; width, 10 ms; train duration, 10 s) with various frequencies in the range of 0.2-50 Hz.
Statistical analysis
Statistical comparisons were evaluated using the MannWhitney rank sum test, and the values of p < 0.05 were considered to be significant different.
Results and Discussion
Histological observation of artificial skeletal muscle tissues
The MCL concentration (100 pg/cell) used for the magnetic labeling of C2C12 cells had been previously optimized by our group in another study. 15, 19 Using the optimal concentration, MCL uptake reached 9.4 pg-magnetite per cell after 8-h incubation, and the magnetic labeling of C2C12 cells with MCLs (100 pg/cell) did not affect cell viability and differentiation (data not shown). When the MCL-labeled C2C12 cells were seeded into a well with a polycarbonate cylinder fixed to the center, the cells were uniformly accumulated to the bottom of the well by applying magnetic force (Fig. 1A) . When the cell sheet was further cultured in the growth medium for 2 days, the sheet contracted drastically to form a ring-like tissue construct surrounding the cylinder (Fig. 1B) . In the absence of the magnetic force, the cells did not form a tissue construct (data not shown), suggesting that the magnetic accumulation of the cells induced selforganization to form a cell sheet, eventually resulting in the formation of a tissue ring. After 2-day culture in the growth medium, the tissue ring was coated with ECM, composed of type I collagen and Matrigel, detached from the cylinder and transferred to a 35-mm tissue culture dish. As shown in Figure 1C , the tissue ring was hooked around two anchor pins placed 8 mm apart and cultured in the differentiation medium. Histological examination of the tissue ring revealed that the cells within the tissue construct formed multinucleated myotubes, which were aligned in parallel to the circumference direction of the cylinder (Fig. 1D) . To further evaluate differentiation of the tissue ring, the cells in the tissue were stained with specific antibodies against a-actinin and actin filament. As shown in Figure 1E , sarcomere structures were observed in the tissue construct. These results indicate that C2C12 cells successfully differentiated into skeletal muscle cells within the ring-shaped tissue construct. Figure 2A shows the number of cell nuclei within the tissue construct during the differentiation culture. After 2-day culture in the growth medium (day 0), the number of nuclei within the tissue construct was 1.0Â10 6 , which was the same as the initial cell density, suggesting that cell proliferation did not occur after tissue organization. When the tissue construct was cultured in the differentiation medium, the number of nuclei markedly decreased from days 2 to 7, after which it maintained itself at a steady state of *2Â10 5 cell nuclei. As no distinct necrotic area was observed within the tissue construct (Fig. 1D) , and oxygen and nutrients were not limiting factors in the culture conditions of tissue constructs with <200-mm thickness, we proposed that the decrease in total nuclei of the tissue construct was the result of programmed cell death, which is a characteristic of skeletal muscle development. During the differentiation of muscle cells, subpopulations of myoblasts undergo apoptosis during myoblast fusion. 20 We also detected apoptotic cells in the tissue constructs on day 7 by the TUNEL assay, and the apoptotic cell death during differentiation was not caused by MCL labeling of cells (data not shown). Conversely, the amount of total protein per cell nucleus increased from days 2 to 7 and was also subsequently maintained at a constant level (Fig. 2B) . Thus, we further analyzed the expression level of muscle differentiation marker proteins. 
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Biochemical analyses of artificial skeletal muscle tissues
To evaluate skeletal muscle differentiation, the expression levels of myogenin, MHC, and tropomyosin were measured in the artificial tissue constructs by western blot analysis (Fig.  3A) . Myogenin expression increased after 2-day culture in the differentiation medium and was thereafter maintained at a low level. Myogenin is a transcription factor and early marker in the differentiation of myoblasts, that plays a crucial role in muscle fusion and myotube formation. 21 These results were consistent with previous observations. The expression levels of the later-stage muscle-specific proteins, 22 MHC, and tropomyosin, increased from day 2 and then maintained at high levels throughout the culture period. These results indicate that muscle differentiation of the artificial tissue constructs began at day 2, with an increase of muscle-specific protein expression, even though the total number of nuclei decreased ( Fig. 2A) . After this, creatine kinase activity of the artificial tissue construct was measured. Creatine kinase is involved in energy metabolism of muscle tissues during muscle contraction. 23 As shown in Figure 3B , creatine kinase activity increased from day 2 and continued to increase throughout the culture period. It has been reported that proliferative myoblasts differentiate into myocytes, thereby inducing myogenin expression by cell cycle withdrawal, which subsequently leads to the expression of muscle-specific proteins, such as MHC, tropomyosin, and creatine kinase. 24 Thus, the expression pattern of musclespecific proteins in the artificial tissue construct was consistent with expression in the normal myogenesis pathway.
Contractile properties of artificial skeletal muscle tissues
To evaluate contractile properties, the artificial skeletal muscle constructs were stimulated with electrical pulses. In response to the pulses applied, the tissue constructs contracted to generate a physical force. Twitching responses were elicited using a single electrical pulse (voltage, 15 V; width, 10 ms) and tetanus responses were measured by stimulation with electric pulses (voltage, 15 V; width, 10 ms; frequency, 50 Hz; duration, 2 s). The force generation profiles in response to the electrical stimulation required to induce 
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twitch and fused tetanus responses are shown in Figure 4A and 4B, respectively. Both profiles of the artificial tissue construct were very similar to those of natural adult muscles, although the force levels were much lower. 25, 26 Figure 4C shows the maximum contractile forces of the artificial tissue constructs during culture in the differentiation medium. The tissue constructs did not generate obvious contractile forces (0.4 AE 0.7 mN) on day 2. As muscle differentiation progressed within the tissue construct, the contractile force generated by electrical stimulation became progressively stronger. This response coincided with the expression patterns of musclespecific proteins (Fig. 3) . . Using a 10-ms pulse width, the voltage was incrementally increased from zero. As the voltage is increased, the twitch force increases correspondingly. The twitch force plateau was defined as 100% of peak twitch force (Pt), and the voltage at 50% Pt was determined as rheobase. (B) Chronaxie of the artificial tissue construct (day 7). The voltage was set to twofold of the rheobase, and the pulse width was incrementally increased to measure the percentage of peak twitch force. The pulse width at 50% Pt was determined as chronaxie. (C) Force-frequency diagram for the artificial tissue construct. Electric pulses (voltage, 15 V; width, 10 ms; train duration, 10 s) with various frequencies in the range of 0.2-50 Hz were applied to the tissue construct, and twitch forces were monitored.
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A series of pulses with variable voltages and width were applied to determine the excitability of the artificial tissue constructs. The effect of voltage (Fig. 5A ) and pulse width (Fig. 5B ) on twitch force generation were measured to determine the excitability in terms of rheobase and chronaxie. Lower values of both rheobase and chronaxie indicate greater excitability of muscle tissues. The artificial tissue constructs exhibited a rheobase of 4.45 AE 0.65 V (Fig. 5A) and chronaxie of 0.72 AE 0.09 ms (Fig. 5B) .
In this study, the artificial skeletal muscle tissue constructs fabricated by Mag-TE successfully contracted in response to electric pulses. As shown in Figure 4C , the tissue constructs generated a maximum twitch force of 33.2 mN (1.06 mN/ mm 2 ), which corresponds to *0.5% of adult mammalian skeletal muscle (210 mN/mm 2 ). 25, 26 In addition, the chronaxie of the tissue constructs was 0.72 ms, which indicated a lower excitability than that of normal skeletal muscle (0.1-0.3 ms). 27 The low active tension and excitability may be attributable to the presence of nondifferentiated myoblasts within the tissue constructs (Fig. 1D) or the presence of myotubes that are unresponsive to electrical pulses. 28 Multiple central nuclei were observed within myotubes of the constructs on day 7 (Fig. 1E ) and day 17 (data not shown), suggesting that the tissue construct was still immature. Previous reports indicate that continuous stimulation by electrical pulses 28 or mechanical stretching 29 enhance myogenesis of myoblast cells. These results suggest that to mimic natural skeletal muscle development and maturation, both the biological milieu and physical stimuli should be introduced to skeletal muscle tissue engineering using myoblast cell lines. Nevertheless, the artificial tissue constructs fabricated from proliferative myoblast cells in this study exhibited skeletal muscle function.
The frequency characteristics of myotubes in an electric field have not been previously described in detail. Marotta et al. 30 reported that myotubes contract rhythmically with electric pulses between 1 and 5 Hz under phase-contrast microscopy, while Yamasaki et al. 27 quantified myotube contraction based on cell image analysis. However, there are a few reports on the evaluation of frequency characteristics of muscle tissues by quantifying force generation. A forcefrequency diagram for the artificial tissue construct is shown in Figure 5C . The tissue contracted rhythmically in response to low-frequency electrical pulses with short intervals. This result indicates that the artificial tissue constructs are applicable to electrically controlled bioactuators. Moreover, similar to natural skeletal muscle tissues, individual twitch contractions occurred by low-frequency electrical stimulation, whereas the additional activation of contractile elements, named tetanus, was observed by repeated stimulation with a higher frequency (Fig. 5C) . Thus, the apparatus developed in this study was useful for the measurement of contractile properties. These results indicate that the properties of the artificial tissue constructs were qualitatively very similar to those of natural skeletal muscle tissues, although the force levels of the artificial tissues were considerably low.
Conclusion
In the present study, we evaluated the biochemical and contractile properties of artificial skeletal muscle tissue constructs fabricated by Mag-TE. The tissue constructs expressed myogenic markers during the differentiation stages and contracted to generate physical forces in response to electrical stimulation. The expression profiles of myogenic markers (myogenin, MHC, tropomyosin, and creatine kinase) correlated well with the contractile properties of the tissue constructs. These results indicate that the artificial skeletal muscle tissue constructs fabricated in this study were physiologically functional, and the data for evaluating the functional properties may provide useful information for skeletal muscle tissue engineering.
